Stress-induced cardiomyocyte apoptosis contributes to the pathogenesis of a variety of cardiovascular diseases, but how stress induces cardiomyocyte apoptosis remains largely unclear. The present study aims to investigate the effects of Axin1 up-regulated 1 (Axud1), a novel pro-apoptotic protein, on the cardiomyocyte survival and the underlying mechanisms. To this end, a rat model under restraint stress (RS) was established and in vitro stress-induced cardiomyocytes culture was achieved. Our data showed that Axud1 was upregulated in the rat myocardia after exposure to RS. Anti-apoptotic Bcl-2 was decreased, whereas pro-apoptotic Bax and Cleaved caspase-3 (Cc3) were increased in a time-dependent manner. The Wnt/β-catenin signaling was observed to be interestingly activated in heart undergoing RS. In addition, the treatment of norepinephrine (NE) to in vitro cardiomyocytes increased Axud1 level and induced cell apoptosis. Wnt/β-catenin signaling was consistently activated. Knockdown of Axud1 using specific siRNA blunted NE-induced cardiomyocytes apoptosis and also inactivated the Wnt/β-catenin signaling. XAV-939, an inhibitor of Wnt/β-catenin signaling, partially reversed the pro-apoptotic effect of NE. In conclusion, Axud1 accelerated stress-induced cardiomyocytes apoptosis through activation of Wnt/β-catenin signaling pathway. Our data provided novel evidence that therapeutic strategies against Axud1 or Wnt/β-catenin signaling might be promising in relation to RS-induced myocardial injury.
Introduction
A number of studies have shown that stress overload can disrupt physiological homeostasis and induce many diseases. The current focus on the relationship between stress and disease phenomenon is directly towards the cardiovascular disease. Stress load can invoke various cardiovascular disorders [1] . The cardiovascular system is the major target of stress injury [2, 3] and it has been shown that stress is a most important etiologic factor in cardiovascular diseases [4] . Data suggested that stress does contribute to hypertension [5] , atherosclerosis, coronary artery disease, and myocardial infarction are closely related to the trigger of the stress response [6, 7] . Apoptosis plays a vital role in the loss of cells not only during physiological phenomena but also in many pathological processes [8] . Cardiomyocyte apoptosis is an important mechanism of stress-induced cell death and also a major factor underlying stress-induced cardiac dysfunction and cardiovascular disease [9, 10] . However, the potential mechanism responsible for the restraint stress-induced cardiomyocyte apoptosis remains largely unknown.
Axin1 up-regulated 1 (Axud1), also termed cysteine-serine-rich nuclear protein 1 gene (Csrnp1), is a novel protein located mainly in the nucleus that has been reported to play a critical role in cell proliferation [11, 12] . Axud1 is a transcription factor expressed in neural crest progenitors [13] . Previous studies have shown that Axud1 is down-regulated in a variety of cancer, and might serve as a tumor suppressor factor [14] . Axud1 was reported to be related to the induction of apoptosis in cementoblasts [15, 16] , and overexpression of Axud1 induced JNK-dependent apoptosis in Drosophila melanogaster [12] . Nevertheless, it is uncertain whether alteration of Axud1 by restraint stress regulated cardiomyocyte apoptosis. The present study aimed to investigate the expression profile of Axud1 in rat myocardium under restraint stress and explored the potential molecular mechanism of Axud1-related cardiomyocyte apoptosis using in vitro cultured cardiomyocytes. Our results indicated that restraint stress increased the expression of Axud1 in stressed rat, by which way cardiomyocyte apoptosis was induced. The Wnt/β-catenin signaling was identified to contribute to Axud1-mediated cardiomyocyte apoptosis.
Materials and methods

Restraint-stress rat model
Adult male Sprague Dawley (SD) rats weighing 200-220 g were obtained from the Institute of Laboratory Animal Sciences, Fudan University (Shanghai, China). All protocols for animal experiments were approved by the Institutional Animal Care and Use Committee of Fudan University. We randomly divided 24 SD rats into four groups (n = 6 per group): control, rat under restraint stress for 1 day, rat under restraint stress for 3 days, and rat under restraint stress for 7 days. The rats under distinct days of restraint stress were placed separately into the adjustable Plexiglas cylindrical restrainers for 6 h per day (from 9:00 a.m. to 15:00 p.m.) as previously described [17] . The control group was kept under the same living conditions as the stress groups except for the restraint treatment. All rats were sacrificed after the restraint experiment under the condition of anesthesia. Whole blood and heart samples were collected immediately after sacrifice and stored at − 80°C until experimental trials.
Determination of plasma levels of norepinephrine (NE)
The plasma was separated by centrifuge in tubes with ethylene diamine tetraacetic acid (EDTA). NE concentrations in plasma were determined using liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis in our lab.
Cell culture and treatments
The mouse atrial cardiomyocyte cell line HL-1 was kindly provided by professor William C. Claycomb from Louisiana State University, LA, USA and cultured in dulbecco's modified eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) under a water-saturated atmosphere of 95% air and 5% CO 2 at 37°C. Culture medium was replaced every day. To establish a cell model of stress, myocardial HL-1 cells were subjected to serum-deprived DMEM incubation 2 h prior to exposure to NE at serial concentrations (0, 1, 5 and 10 μM) or for different time duration (0, 6, 12, and 24 h) with fixed dose (5 μM). For some experiments, myocardial HL-1 cells were pretreated with 5 μM NE for 24 h, followed by incubation with or without 10 nM XAV-939 (Selleck, Shanghai, China) for 6 h. Each treatment was repeated at least three times with each one in three replicates.
Small interfering RNA (siRNA) treatment
Specific small interfering RNA (siRNA) against Axud1 and a nontargeting control siRNA were purchased from Biotend Co. (Shanghai, China). The transfection of siRNAs into myocardial HL-1 cells was performed using Lipofectamine® 3000 (Invitrogen, Shanghai, China) according to manufacturer's instructions. Knockdown efficiency of Axud1 siRNA was evaluated by western blot analysis.
TUNEL assay
The terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) technique was used to estimate the cardiomyocyte apoptosis in tissue. Heart tissue was harvested from the rats, and immediately fixed in 4% formalin solution, neutrally buffered and then embedded in paraffin. Next, the specimens were sectioned into 4 µm-thick slides and stained with TUNEL in situ cell death detection kits (Promega, Madison, WI, USA) according to the manufacturer's instructions. Cell counting was performed in fluorescence microscope to evaluate apoptosis rate.
Western blot analysis
The heart tissue and HL-1 cells were lysed by RIPA buffer supplemented with serine protease inhibitor, phenyl methane sulfonyl fluoride (PMSF). An equal amount of protein samples were subjected to 10% SDS-PAGE and transferred to PVDF membranes. Then the membranes were blocked with 5% non-fat dry milk in TBST for 1 h, followed by incubation with primary antibodies against β-catenin (CST, USA), Cmyc (Proteintech, Chicago, IL, USA), Axud1 (Proteintech, Chicago, IL, USA), Bax (CST, USA), Bcl-2 (Proteintech, Chicago, IL, USA), Gapdh (Biotechwell, Shanghai, China), Cleaved caspase-3 (Cc3) (CST, USA) at 4°C overnight. After 1 h incubation with the appropriate HRP-conjugated secondary antibody (Santa Cruz Biotech) at room temperature for 1 h, signals were captured using ECL reagents (Thermo Fisher Co. San Francisco, CA, USA). Signal intensities were quantified with the ImageJ v1.28 program (Department of Health and Human Services, National Institutes of Health (NIH)) and normalized to Gapdh expression.
Real-time PCR analysis
Total RNAs were isolated from heart tissue and treated cells using TRIzol (Invitrogen, USA) according to manufacturer's instructions. The cDNAs were synthesized from 1 μg of the total RNA using transcriptor first strand cDNA synthesis kit (Roche, Penzberg, Germany) and then subjected to quantitative real-time PCR analysis using SYBR Green PCR Kit (Qiagen, Maryland, USA) in 7500 Fast Real-Time PCR Systems (Applied Biosystems, Foster, CA, USA). The 2 -△△Ct method was used for a quantitative analysis of gene expression, and their mRNA level in each sample was normalized to Gapdh mRNA expression. The primer sequences were given in Table 1 .
Immunohistochemistry (IHC) analysis
Formalin-fixed heart tissue samples were embedded in paraffin and 4 µm sections were cut. Immunohistochemical staining was performed as described previously by our lab [18] . Briefly, after deparaffinization and hydration, the sections were treated with 3% H 2 O 2 for 15 min to quench endogenous peroxidase activity. After blocked with goat serum for 30 min, sections were incubated with the primary rabbit anti-Axud1 antibody (Proteintech, Chicago, IL, USA) at 4°C overnight followed by incubation for 30 min with secondary antibody at 37°C. Phosphate buffered saline (PBS) was used instead of primary antibody as negative controls. The sections were visualized on incubation with 3,3-diaminobenzidine and subsequently dehydrated and mounted using neutral balsam. Results were captured with a light microscope and quantified by ImageJ v1.28 program.
Immunofluorescence (IF) analysis
HL-1 cells inoculated on coverslips and fixed in 4% paraformaldehyde for 15 min at room temperature. Cells were permeabilized in 0.5% Triton-X-100/PBS and blocked with normal goat serum for 30 min at Table 1 Primer sequences used for PCR amplification of cDNA.
Gene Primers
room temperature, and then incubated with anti-Axud1 (Proteintech, Chicago, IL, USA) or anti-Cc3 antibody (CST, USA) overnight at 4°C. Cells were washed with PBS for three times, and incubated with AlexaFluor 555 goat anti-rabbit IgG antibody in the dark for 1 h at room temperature. Finally, the slides were washed with PBS for three times prior to being counterstained by 4, 6-diamidino-2-phenylindole (DAPI) for 5 min, and stained cells were visualized under a fluorescence microscope. The fluorescence intensities were quantified using ImageJ software.
Statistical analysis
The data were given as means ± SEM. Statistical significance was estimated with an ANOVA test and the Student's t-test using Prism (version 5, Graph Pad Software, San Diego, CA, USA). The differences were considered significant at P < 0.05. All experiments were performed at least three times.
Results
Stress induces apoptosis in stressed rat
During the period of restraint stress (RS), it was observed that stress led to abnormal behaviors of rats. These abnormality included drowsiness, decreases in erect and grooming times, reduced consumption of food and water which were also observed in previous reports [19] [20] [21] . Moreover, stress response involves the activation of sympathetic nervous system [22, 23] , which can enhance release of stress hormones. NE, one of the classic stress hormones, is elevated in individuals with acute or chronic stress [24, 25] . In our stress model, the level of NE was detected in rat plasma after RS, which showed gradual increases with restraint time extended (Fig. 1A) . Collectively, the observed behavioral abnormality and increased hormonal biochemical levels suggested the successful establishment of RS model.
Based on the successfully established RS model, we found that RS markedly increased the myocardial expression of pro-apoptotic proteins (Bax and Cc3) and decreased anti-apoptotic protein Bcl-2 expression in a time-dependent manner as compared with control group (Fig. 1B and  C) . In addition, TUNEL staining also exhibited a notably increasing trend of cardiomyocyte apoptosis after RS (Fig. 1D) with the ratio of TUNEL positive cells 2.6-fold and 3.1-fold increased respectively for the 3-day and 7-day groups (Fig. 1E) . Our result showed that RS induces apoptosis in rat myocardia.
Stress upregulates Axud1 expression in rat myocardia in vivo
To investigate Axud1 expression levels in heart tissue after RS, qPCR analysis revealed that the mRNA level of Axud1 was increasingly upregulated at the indicated time of RS as compared with control group (Fig. 2A) . The protein level of Axud1 was consistently enhanced after longer restraint time by western blot analysis (Fig. 2B and C) . A similarly elevated tendency of Axud1 was also showed by IHC analysis (Fig. 2D and E) . These results suggested that RS stimulated the enhancement of Axud1 in rat myocardia in vivo.
Stress induces apoptosis and enhances expression of Axud1 in vitro
To confirm the in vivo data, we cultured HL-1 cardiomyocytes with NE in vitro. Treatment of NE with cells was a useful way to mimic stress conditions in vitro [9, 26, 27] . Hence, HL-1 cells were exposed to different concentrations of NE for 24 h or 5uM NE for various periods of time as indicated. Our results suggested that apoptosis and Axud1 levels in cells were increased with the increasing concentration and time (Fig. 3A, B, C and D) . According to the above results, we further selected appropriate treatment concentration and time of NE to present the expression of Axud1 and Cc3 using IF staining analysis. As described in Fig. 3E , Axud1 exhibited a notable enhancive fluorescence intensity in HL-1 cells stimulated by 5 µm NE for 24 h, and Axud1 expression was elevated by up to approximate 2.5-fold in the stressed HL-1 cells (Fig. 3F) . A consistent result was also observed with IF analysis which showed that Cc3 in stressed HL-1 cells was nearly 3-fold higher than that in control cells ( Fig. 3G and H) . The above results verified that NE stimulation in cardiomyocytes induced apoptosis and increased Axud1 expression in a dose-and time-dependent manner in vitro.
Knockdown of Axud1 inhibits cell apoptosis in cardiomyocytes
We hypothesized that Axud1 may play an important role in stressinduced apoptosis in cardiomyocytes. Next, specific siRNA was transfected into HL-1 cells to knock down the expression of Axud1. Our results revealed that suppression of Axud1 lead to decrease in the expression of Bax, Cc3 and increase in Bcl-2 expression (Fig. 4A and B) . Moreover, while knockdown of Axud1 decreased pro-apoptotic factors and increased anti-apoptotic Bcl-2, treatment with NE significantly blunted siAxud1-mediated above effects (Fig. 4C and D) . Therefore, our findings support the hypothesis that Axud1 could accelerate apoptosis in stressed cardiomyocytes.
Inactivation of the Wnt/β-catenin pathway blunts Axud1-mediated myocardial cell apoptosis
Aberrant stimulation of Wnt/β-catenin pathway was thought to be linked with cell apoptosis [28, 29] , and β-catenin upregulation is a typical sign of Wnt/β-catenin activation [30] , which can irritate the downstream C-myc. As shown in Fig. 5A and B, the expression of β-catenin and C-myc were significantly upregulated in the rat myocardia. When HL-1 cells were treated with 5 μM NE for 24 h, β-catenin and Cmyc were approximately 2-fold higher than control (Fig. 5C and D) . Interestingly, when Axud1 was silenced, significant decreases in the levels of β-catenin and C-myc were observed (Fig. 5E and F) . As shown in Fig. 5G and H, single treatment with XAV-939, the specific inhibitor of the Wnt/β-catenin pathway, significantly inactivated the Wnt/β-catenin signaling. XAV-939 significantly blunted the pro-apoptotic effect of NE without affecting the expression of Axud1. These results suggested that Wnt/β-catenin signaling was the key pathway that mediated Axud1-mediated cell apoptosis.
Discussion
Stress response is occurred when the body suffers undesirable stimulation [31] , which could activate the hypothalamic-pituitary-adrenal axis and the sympathetic nervous system. Restraint stress was a classical model of mimicking unavoidable psychological stress to investigate the relationships between stress and cardiovascular events [32] . Several studies have shown that stress is a risk factor for increasing the incidence of cardiovascular diseases [33] [34] [35] . Apoptosis, a form of cell death, is a vital pathological change in myocardial injury [36] . The excessive apoptosis of cardiomyocytes is the basis of heart disease [37] , and also the etiologic factor of stress-induced cardiovascular damage [9] . The present study investigated the relationship between stress and myocardial injury, and also the mechanism underlying effects of stress in heart. RS model was established in vivo and we found the expression of Bax and Cc3 and the rate of apoptotic cardiomyocytes were upregulated, while the expression of Bcl-2 level was decreased in stressed heart tissues compared with control. Pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2 are the most important apoptosis related molecules [38] , and Cc3 is an executor of cell apoptosis [39] . To observe the adverse effect of stress on cardiomyocytes in vitro, NE was introduced to mimic cell stress. After establishment of RS model in rats and cultured HL-1 cells, our in vivo and in vitro data suggested that exposure to either model triggered significant cardiomyocyte apoptosis.
Axud1 has recently been reported to have an important effect on cell proliferation and apoptosis [11, 12, 14] , which caused apoptosis via the activation of JNKs in drosophila [12] . The present study showed that the Axud1 level increased not only in the rat myocardia, but also in NEtreated HL-1 cells. Alteration of Axud1 in stressed condition correlated positively with the situation of cardiomyocyte apoptosis, thereby suggesting the interaction between Axud1 and apoptosis. After knockdown of Axud1 by specific siRNA, Bax and Cc3 were decreased, while Bcl-2 was increased. These data demonstrated that Axud1 might play a proapoptotic role in cardiomyocytes apoptosis in stressful conditions. Subsequently, we explored the possible mechanism underlying Axud1-mediated stress-induced apoptosis in cardiomyocytes. It has been reported that the Wnt/β-catenin signaling was involved in various cellular and biological processes, such as cancer development [40] , cell differentiation, proliferation [41] and apoptosis [42] . In this pathway, β-catenin acts as the second messenger and plays an important role in the process of activating the signaling [43] , which interacts with Wnt ligand and binds to the frizzled receptor and a LRP co-receptor [44] . However, the effect of Wnt/β-catenin signaling on cell proliferation and apoptosis depends on cell types, increased β-catenin restrains apoptosis in tumor cells [45] . Studies also suggested that activation of Wnt/β-catenin signaling led to apoptotic events in hematopoietic stem cells [46] and cardiomyocytes [47] . In this study, we found that the expression of β-catenin and C-myc, two major members of the Wnt pathway, were upregulated in the stressed heart where cardiomyocyte underwent apoptosis. In addition, both of them were also elevated in cardiomyocytes treated with NE. These results showed Wnt/β-catenin pathway was activated after stress in vivo and in vitro, which was consistent with the Axud1 expression. With the use of a specific inhibitor of Wnt/β-catenin signaling (XAV-939), NE-induced activation of Wnt/β-catenin signaling was blunted, whereas the change of Axud1 was insignificantly altered. Levels of Bax and Cc3 decreased and Bcl-2 expression increased accordingly. These observations suggested that Axud1 was an upstream regulator of Wnt/β-catenin pathway. Axud1 mediated cardiomyocyte apoptosis via positive regulation of Wnt/β-catenin pathway. According to the findings in our study, downregulation of Axud1 could effectively suppress the expression of β-catenin and C-myc, which were thought to be related to cell growth and apoptosis [45, 48, 49] . We suspected the effect of Axud1 on apoptosis was likely associated with the function of β-catenin and C-myc. So far, few studies on apoptotic effect of Axud1 concentrated on cardiomyocytes in stress model. Hence, the mechanisms of Axud1-related apoptosis remain to be further studied. The expression of Wnt/β-catenin pathway markers β-catenin and C-myc were detected by western blot in stressed rat myocardia. (C, D) HL-1 cells were treated with 5 μM NE for 24 h and the protein levels of β-catenin and C-myc were detected by western blot. (E, F) HL-1 cells were treated with Axud1 siRNA, and the protein levels of β-catenin and C-myc were detected by western blot. (G, H) HL-1 cells were pre-incubated with 5 μM NE for 24 h, or stimulated with 10 nM XAV-939 for 6 h, or with combined treatment. The protein levels of β-catenin, C-myc, Bax, Bcl-2, Cc3 and Axud1 were detected by western blot. Quantification of band intensity was performed for each western blot. * p < 0.05, ** p < 0.01 vs. control; #p < 0.05, ##p < 0.01vs NE alone group (n = 3).
Conclusion
In summary, our results indicated that restraint stress has a negative impact on heart. Axud1 mediated stress-induced cardiomyocytes apoptosis through activating Wnt/β-catenin signaling pathway. Our findings may provide novel insights into the understanding of cardiac injury induced by stress.
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